Phosphatase and tensin homolog (PTEN) is implicated as a negative regulator of vascular smooth muscle cell (SMC) proliferation and injury-induced vascular remodelling. We tested if selective depletion of PTEN only in SMC is sufficient to promote SMC phenotypic modulation, cytokine production, and enhanced neointima formation.
Introduction
Vascular smooth muscle cells (SMCs) play important roles in normal blood pressure homeostasis and in many pathologic conditions. In normal adult arteries, SMCs contract to maintain vascular tone, are quiescent and express high levels of SMC-specific proteins, such as smooth muscle myosin heavy chain, smooth muscle-a-actin, and calponin. However, in response to various insults, such as atherosclerosis and angioplasty, SMCs can undergo phenotypic modulation characterized by increased proliferation and migration, and decreased expression of smooth muscle markers. 1 As a result of this phenotypic switch, SMCs contribute to neointima formation in these conditions. 2, 3 Proinflammatory cytokines and chemokines, induced in response to injury by several cell types including SMCs, have been shown to participate in pathological vascular remodelling. 4 MCP-1 regulates inflammatory cell recruitment and vascular cell proliferation in several different experimental models of vascular injury. 4 -7 MCP-1 levels are increased in developing atherosclerotic plaques of experimental animal models and after carotid artery wire injury. Inhibition of MCP-1 ameliorates lesion formation, confirming a functional role for this chemokine. SDF-1a/CXCL12 causes mobilization and vascular recruitment of bone marrow-derived smooth muscle progenitor cells. 8, 9 Additional cytokines/chemokines, including CXCL1/KC and IL-6, have also been implicated in promoting atherosclerosis and neointima formation. 10 -13 PTEN, a lipid and protein phosphatase and an important tumour suppressor gene, acts as a key negative regulator of the PI3K pathway by dephosphorylating membrane PtdIns (3, 4, 5) P3.
14 PTEN is essential for regulation of both basal and growth factor-stimulated PI3K-mediated signalling. Elevations in cellular PtdIns (3, 4, 5) P3 in response to dysregulated PTEN activity even in the absence of stimuli are sufficient to activate numerous downstream effectors, most notably Akt and mTOR, which participate in regulation of cell proliferation and survival. 15 A growing body of information suggests that regulation of PTEN signalling plays a critical role in vascular injury. Huang and Kontos 16 first demonstrated that PTEN overexpression blocks PDGF-induced SMC proliferation and migration, but promotes SMC apoptosis. Consistent with their findings, we showed that highly proliferative and relatively de-differentiated embryonic and neointimal SMCs exhibit low levels of PTEN compared with adult or medial SMC. 17 Additionally, we demonstrated that PTEN is inactivated in replicating SMC of balloon-injured rat carotid arteries, 18 consistent with a role in proliferation control.
Exogenously administered PTEN has been shown to attenuate neointima size in two rodent injury models, 19, 20 while pharmacological upregulation of PTEN attenuated atherosclerotic lesion formation in high fat-fed rabbits. 21 Recently, investigators demonstrated that miR-21 was increased in response to injury and that PTEN was a specific target of miR-21. 22 Finally, data from ex vivo human specimens showed that reduced PTEN activity in saphenous vein grafts contributes to the poor long-term outcome seen with such grafts following coronary artery bypass surgery. 23 Collectively, these data support the concept that an alteration in SMC PTEN signalling serves as a key initiating determinant driving pathological vascular remodelling. We previously described the phenotype of smooth muscle-specific PTEN null mice generated by crossing SM22a-Cre transgenic mice with mice containing loxP sites flanking exons 4 and 5 of PTEN. 24 Although early lethality of these mice precluded their use in vascular injury studies, we showed that homozygous knockout mice (SM22a-Cre/þ; PTEN flox/flox ) exhibited medial and intimal SMC hyperplasia, vascular recruitment of progenitor/proinflammatory cells, and increased SMC expression of SDF-1a. PTEN-deficient SMC in vitro exhibited higher rates of proliferation under basal conditions that was mediated, in part, through increased SDF-1a production. Thus, our data suggested that loss of SMC PTEN signalling mediates key events in pathological vascular remodelling, including an alteration in SMC function and increased production of a pro-inflammatory chemokine. Our goal here was to further characterize the molecular consequences of PTEN depletion in SMCs. We hypothesized that, in addition to enhanced proliferation, PTEN deficiency would promote SMC de-differentiation and production of multiple inflammatory cytokines that contribute to enhanced neointima formation. 
Cell culture and PTEN silencing
Rat aortic SMC clones stably expressing control or PTEN-specific shRNA were generated as previously described. 24 Transient transductions using lentiviral particles expressing control or PTEN-specific shRNA were performed on primary rat aortic SMC (passage 3) according to protocols provided (OpenBiosystems, Huntsville, AL).
Additional methods
An expanded Methods section containing details regarding animals, vascular injuries, morphometric analyses, and immunohistochemistry, reagents, cell culture, qRT-PCR, western analyses and cytokine immunoassays, immunofluorescence and confocal microscopy, and plasmids and transient promoter assays is available in Supplementary material online.
Statistical analysis
Data are expressed as means + SE and were determined using either two-tailed t-test analyses or one-way ANOVA followed by Fisher's exact test analyses. P-values ,0.05 were considered statistically significant.
Results
3.1 PTEN depletion promotes enhanced PI3-kinase-Akt-mTOR signalling under basal conditions and induces SMC phenotypic modulation
We previously reported that Akt activation promotes SMC proliferation 17, 24 and de-differentiation 28, 29 and that PTEN depletion, which is sufficient to activate Akt in the absence of other stimuli, stimulates SMC proliferation under basal conditions. 24 To determine if PTEN depletion promotes SMC phenotypic modulation, aortic SMC stably expressing PTEN-specific or control shRNA were generated. PTENdepleted SMC exhibited greater than an 80% decrease in PTEN expression and enhanced phosphorylation of Akt and p70S6-kinase, a direct downstream target of Akt/mTOR signalling, under basal, unstimulated conditions compared with controls ( Figure 1 ). PTEN deficiency resulted in reduced SM-a-actin mRNA, protein, and promoter activity (Figure 2A and B) . The reduction in SM-a-actin expression in PTEN-depleted SMC under basal conditions was similar to the decrease in expression following PDGF stimulation of wild-type SMC (data not shown). 28 PTEN deficiency also decreased expression of calponin, a second SMC marker ( Figure 2A and B). Inhibition of PI3K at least partially reversed the downregulation of both markers, confirming that the effects of PTEN depletion were mediated through activation of PI3-kinase/Akt ( Figure 2C ). Treatment with rapamycin, an mTOR inhibitor also reversed the effects mediated by PTEN depletion on SM marker expression ( Figure 2C ), indicating that SMC phenotypic modulation induced by PTEN depletion is dependent on increased Akt-mTOR signalling. To confirm that the decrease in SM markers was directly attributable to loss of PTEN, control or PTEN-deficient SMC were transduced with adenoviruses expressing wild-type or inactive PTEN. Re-expression of wild-type PTEN restored SM-a-actin expression, whereas mutant PTEN further reduced SM-a-actin expression likely through a dominant negative effect resulting in inhibition of any residual PTEN activity ( Figure 2D ). Re-expression of PTEN also reversed the repression of basal SM-a-actin promoter activity ( Figure 2D ). Finally, to confirm that effects on SMC differentiation markers are the result of PTEN depletion, and not an artefact of subculturing, early passage PTENdepleted SMC pools were generated by transduction with lentiviral particles expressing control or PTEN-specific shRNA. Similar to above, low passage PTEN-deficient SMC expressed high levels of phosphorylated Akt under basal conditions and reduced levels of SM-a-actin mRNA and protein compared with cells transduced with a control virus; decreased SM-a-actin expression was reversed by LY294002 (see Supplementary material online, Figure S1 ).
SMC PTEN depletion induces NF-kB-dependent upregulation of a family of cytokines
Increased production of pro-inflammatory cytokines/chemokines by SMC participates in pathological vascular remodelling. Our recent data demonstrate that PTEN-deficient SMC exhibit upregulation and secretion of the chemokine, CXCL12/SDF-1a. 24 To assess the effects of PTEN depletion on the broader pattern of cytokine production, conditioned media from control and PTEN-deficient SMC were analysed using a commercial cytokine array (data not shown).
Expression of candidate factors identified on the array was confirmed by quantitative RT-PCR. We found increased mRNA levels for IL-6, MCP-1/JE, CXCL1/KC, and CXCL12/SDF-1a ( Figure 3A ) in PTENdepleted SMC compared with control SMC; levels of CX3CL1/fractalkine and CCL5/RANTES were not consistently changed (data not shown). Using ELISA assays with conditioned media, we verified the increase in mRNA resulted in increased protein release of all these cytokine/chemokines in the setting of PTEN depletion ( Figure 3B ). Similar results were obtained in low passage PTEN-deficient SMC pools (see Supplementary material online, Figure S2 ). Activation of the transcription factor NF-kB has been implicated as critical for cytokine/chemokine production 30 -32 and previous studies in other systems have demonstrated increased NF-kB activity in the setting of PTEN loss and/or Akt activation. 33, 34 We used a pharmacological approach to determine if NF-kB activity promoted cytokine/ chemokine production in PTEN-deficient SMC. Inhibition of PI3-kinase/Akt or inhibition of IKK, an upstream activator of NF-kB transcriptional activity, reversed the induction of all four cytokines mediated by PTEN deficiency ( Figure 4A ). In contrast to effects on SMC differentiation, inhibition of mTOR by rapamycin had varying effects on cytokine/chemokine production, either not affecting production (IL-6) or inducing a non-significant trend towards reduction (MCP-1/JE, CXCL1/KC, CXCL12/SDF-1a) thus supporting the concept that parallel, but independent pathways downstream of PTEN-Akt signalling regulate distinct SMC functions.
To confirm activation of NF-kB in the setting of PTEN depletion, subcellular localization of the NF-kB subunit, p65/RelA, was examined. Expression of p65/RelA was localized to the cytoplasm in control SMC under basal conditions ( Figure 4B ). In contrast, strong, nuclear localization of p65/RelA was observed in PTEN-deficient SMC maintained under basal conditions, consistent with NF-kB activation. The extent of nuclear localization was similar to that observed with TNFa stimulation, a known activator of NF-kB, which induced nuclear localization of p65/RelA in both control and PTEN-deficient SMC ( Figure 4B ). Using a reporter construct containing three consensus NF-kB elements upstream of a luciferase reporter, we also directly measured NF-kB activity. PTEN-deficient SMC exhibited increased basal NF-kB promoter activity ( Figure 4C) , which was blocked with re-expression of wild-type PTEN (see Supplementary material online, Figure S3 ). Finally, to confirm that Akt and NF-kB activities were coupled, we found that inhibition of PI3-kinase/Akt or IKK, but not mTOR, blocked nuclear localization of p65/RelA ( Figure 4D ).
Figure 1 SMC PTEN depletion induces constitutive
PI3K-Akt-mTOR signalling. Rat aortic SMCs stably expressing control (CTRL) or PTEN-specific shRNA were serum-restricted for 72 h. Whole cell lysates were analysed for total PTEN, phosphoAkt, total Akt, phospho-p70S6-kinase, and total p70S6-kinase. b-Actin was used as a loading control. Shown is a representative western of three independent experiments.
PTEN reduction enhances neointima formation in vivo
To study the effect of PTEN depletion on neointima formation, a carotid artery ligation model was used with two distinct genetic mouse models in which PTEN levels are either reduced in all tissues (global PTEN KO) or selectively in smooth muscle, using the Cre/Lox system in which Cre recombinase is driven by the SM22a promoter to determine the specific contribution of SMC-derived PTEN. Global homozygous deletion of PTEN is embryo lethal and smooth muscle-specific PTEN homozygous knockout mice (PTEN fl/fl ;SM22a-Creþ/2) die perinatally. Therefore injuries were performed on global PTEN heterozygotes (PTENþ/2) or SMC-specific PTEN heterozygotes (PTEN fl/þ ;SM22a-Creþ/2) and compared with their respective littermate wild-type controls (WT or PTEN fl/fl ). Expression of PTEN was reduced and phosphorylation of Akt increased in lysates of whole aorta ( Figure 5A ) and whole lung (see Supplementary material online, Figure S4 ) from both PTENþ/2 and PTEN fl/þ ;SM22a-Creþ/2 mice compared with controls. Four-month-old male mice were subjected to arterial injury and arteries examined 2 weeks post-injury. No arterial changes were observed in unligated arteries of all mice (data not shown). Injury to carotid arteries of control WT and PTEN fl/fl mice resulted in formation of relatively small neointimal lesions by 2 weeks (
Figure 5B), consistent with previous studies which showed that C57BL/6 mice are fairly resistant to neointima formation after carotid ligation. 35, 36 In contrast, ligation of carotids of PTENþ/2 or PTEN fl/þ ;SM22a-Creþ/2 mutant mice resulted in the formation of large neointimal lesions ( Figure 5B ), indicating that reduced PTEN signalling leads to an exaggerated response to injury. Morphometric analysis confirmed a greater than a three-fold increase in intimal area in mutant mice compared with controls ( Figure 5C ). Medial area was not significantly different among the four genotypes; therefore resultant intima/media ratio and percent area stenosis were increased greater than a 2.5-fold in mutant mice compared with controls ( Figure 5C ). Interestingly, no differences were observed in intima/ media ratio between global PTENþ/2 and smooth muscle-specific PTEN fl/þ ;SM22a-Creþ/2 mutant mice thus demonstrating that restricting inactivation of PTEN specifically to SMC is sufficient to induce neointima formation. To determine if the exaggerated response to injury observed in smooth muscle-specific PTEN fl/þ ;SM22a-Creþ/2 mutant mice compared with control PTEN fl/fl mice was due to increased proliferation, 
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BrdU immunohistochemistry was performed. An increase in replicating neointimal cells was detected at 14 days post-injury in PTEN fl/þ ;SM22a-Creþ/2 mutant mice compared with controls ( Figure 6A ). TUNEL staining revealed very few TUNEL-positive cells and no differences in the degree of cell apoptosis between the two populations of mice (data not shown), suggesting that increased cell proliferation, rather than decreased cell death, contributes to the enhanced neointima formation observed in PTEN mutant mice. Consistent with our in vitro data, expression of SM-a-actin and calponin was reduced in injured vessels from PTEN fl/þ ;SM22a-Creþ/2 mutant mice compared with controls ( Figure 6B ). In addition, enhanced expression of NF-kB p65, IL-6, and MCP-1 was detected in injured vessels from PTEN fl/þ ;SM22a-Creþ/2 mutant mice compared with controls ( Figure 6C ).
Discussion
Restenosis is one of the major limitations of percutaneous angioplasty procedures. SMC accumulation in the arterial intima is a key event in the pathogenesis of post-angioplasty/in-stent restenosis. Injury to the arterial wall induces dedifferentiation, migration, and proliferation of medial-derived SMC and initiates an inflammatory response, all of which contribute to restenosis. 3 Increased production of multiple cytokines and chemokines by several cell types, including SMC, occurs following injury. 4, 37, 38 These factors participate in the remodelling process through direct effects on SMC and through the recruitment of inflammatory cells, therefore placing SMC as both mediators and effectors of the injury response. However, despite important previous studies, the underlying molecular programs activated in SMC in response to injury are not clearly defined. Under physiological conditions, SMC are highly quiescent suggesting that active growth inhibitory pathways repress SMC activation. Previous work from our group demonstrated that decreased PTEN activity is associated with highly proliferative SMC phenotypes 17, 18 and that molecular depletion of PTEN induces autonomous SMC proliferation and secretion of the chemokine CXCL12/SDF1a, which establishes an autocrine growth loop. 24 In this study, we used in vitro and in vivo molecular approaches to further define the consequences of PTEN depletion on SMC function and neointima formation. The results of this study show that PTEN inactivation promotes SMC de-differentiation by decreasing expression of smooth muscle-specific markers, increases production of a family of pro-inflammatory cytokines and chemokines in an NF-kB-dependent manner, and enhances neointima formation. PTEN depletion in cultured SMC was sufficient to suppress expression of SM markers and induce cytokine expression, even in the absence of any additional stimuli. The ability of both PI3K and mTOR inhibitors to reverse suppression of SM markers mediated by PTEN depletion indicates the involvement of a PI3K/Akt/mTOR axis in control of SMC gene expression. Restoration of PTEN to PTEN-deficient SMC also reversed SM-a-actin expression although it is interesting that exogenously added PTEN did not fully restore SM-a-actin expression. At this time, we are unclear of the reason; however this could be due to exogenously added PTEN being targeted by the PTEN shRNA and therefore subject to continual degradation and/or alterations in sub-cellular compartmentalization. Alternatively, this could be due to off-target effects of the PTEN shRNA. Nevertheless, these data are consistent with our previous work implicating Akt activation in mediating the suppressive effects of PDGF on SMC gene expression. 28 Our data are also consistent with previous studies showing that rapamycin induces contractile protein expression in cultured synthetic state SMC. 39 In contrast, cytokine production induced by PTEN depletion appeared to be mediated in large part by an mTOR-independent pathway that involves PI3K-Akt-mediated activation of NF-kB, consistent with findings in other systems. 40 Thus our data demonstrate that de-differentiation and cytokine production are regulated by distinct parallel, but independent downstream pathways activated in SMC in response to PTEN inactivation. These data support a model in which PTEN signalling specifically in SMC controls multiple downstream events involved in pathological vascular remodelling, including proliferation, de-differentiation, and production of multiple cytokines. The present data verify our previous report, which showed induction of SDF-1a by PTEN depletion, and expand on these findings by showing that PTEN depletion also induces the secretion of multiple cytokines/chemokines, including MCP-1, IL-6, and KC/CXCL1. Increased production of each of these factors has been demonstrated in the early stages of restenosis and others have reported distinct pathophysiological effects induced by specific chemokines on injury-induced vascular remodelling. 4,11 -13,37 Libby et al. 41 proposed a cascade model suggesting that restenosis is triggered by vascular injury-induced growth factor/cytokine production by SMC that establishes autocrine and paracrine signalling loops resulting in sustained neointima formation. Our studies support this model and provide a molecular switch underlying cytokine production by SMC. We have already shown SDF-1a promotes SMC growth in the absence of other stimuli. The specific autocrine and paracrine effects of PTENregulated SMC-derived MCP-1, IL-6, and CXCL1/KC remain to be determined. From a therapeutic perspective, our data indicate that targeting the PTEN/Akt pathway will impact production of multiple cytokines, and therefore would likely to be more effective than blockade of individual cytokines in preventing restenosis. We reported previously that injury-induced inactivation of PTEN in SMC precedes neointima formation supporting the concept that loss of SMC PTEN is a key initiating determinant in driving lesion formation. An unanticipated, but key finding in this study is that genetic reductions of PTEN selectively in SMC are sufficient to induce the development of large neointimal lesions by 14 days post-injury which are not significantly different from those formed in global PTEN heterozygotes, where other vascular and circulating cells (i.e. endothelial cells, fibroblasts, inflammatory cells) are also deficient in PTEN. Thus inactivation of PTEN in those cells appears not to be a major contributor to neointima formation. It should be noted, however, that PTEN reduction in other cell types (e.g. endothelial cells) might be protective against injury-induced neointimal lesion formation. In the present study, consistent with our in vitro data, in vivo reductions of PTEN in SMC promoted a switch to a highly proliferative, relatively dedifferentiated SMC phenotype. In addition, NF-kB was constitutively active in PTENdepleted SMC in the absence of stimuli and injured vessels from SMC-specific PTEN heterozygotes exhibited enhanced staining for NF-kB. While increased NF-kB activity has been associated with the progression of atherosclerosis, 42, 43 less is known of its role during the progression of restenosis. However, Yamasaki et al. 44 demonstrated that local delivery of an NF-kB decoy reduced neointima formation in a porcine coronary artery balloon injury model. NF-kB serves a pivotal role as a key regulator of inflammatory gene expression. Consistent with this, inhibition of NF-kB activity in vitro blocked the upregulation of several pro-inflammatory cytokines/chemokines induced by PTEN depletion placing NF-kB as a central regulator of inflammatory events associated with PTEN inactivation. In summary, we show that a reduction of PTEN specifically in SMC is sufficient to promote the development of large neointimal lesions in a genetic strain of mice that are normally resistant to neointima formation in response to carotid ligation injury. These changes are associated with a de-differentiated, pro-inflammatory phenotype, consistent with clinical findings especially in select subpopulations of individuals who are susceptible to restenosis. Therefore our studies suggest that activation of PTEN in resident SMC normally promotes a differentiated, growth-inhibitory, and anti-inflammatory phenotype indicating a critical role for SMC PTEN in the control of multiple events that contribute to pathological vascular remodelling. Moreover, our data highly support the proposal that pathological remodelling reflects an underlying defect in anti-proliferative processes and, as shown here, SMC PTEN signalling events. An important potential implication of our findings is that individuals with dysfunctional PTEN expression or activity might be genetically predisposed to enhanced responses to arterial interventions. Therefore new generation therapeutics that specifically target PTEN to inhibit SMC phenotypic modulation, proliferation, and inflammatory mediator production could have important clinical implications in the treatment of restenosis.
Supplementary material
Supplementary material is available at Cardiovascular Research online. ;þ/þ) and SMC-specific heterozygote (PTEN fl/þ ;SM22a-Creþ/2) mice (brown reaction colour). Arrowheads, internal elastic lamina; lines in C, the arterial media; n ¼ 4.
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